INTRODUCTION
The researches and studies on various aspects of the voltage source converter (VSC)-based multi-terminal DC (MTDC) grids, including modeling and simulation [1] - [3] , short-circuit calculation [4] and, protection [5] - [6] and control [7] - [9] , have been proliferated during the recent years. Such an immense popularity mainly stems from two grounds: appropriateness of the MTDC grids for the integration of the offshore wind farms and possibility of interconnecting several (more than two) AC networks with even non-identical frequencies.
The high voltage MTDC grids are advantageous over the conventional AC transmission for integration of offshore distant wind generation in to the AC main-land as they eliminate the large capacitive currents [10] . There are ongoing projects worldwide for transmission of bulk offshore wind generations to the AC networks via the MTDC grids [11] - [13] . Moreover, efforts are being made for developing "European Supergrid" with MTDC grids as its backbone [ref11] . There are also proposals for a sub-sea MTDC grid around the North Sea to collect the rich wind resource of the region and also interconnect the U.K. and Nordic pool with continental Europe [14] .
DC voltage control and power sharing are essential operational tasks in MTDC grids which guarantee the proper functioning of the grid. Clearly, within a DC network the flow of energy between network's terminals is governed by the terminal's DC voltage. Unlike AC systems where synchronization parameter is maintained at the nominal value throughout the system, the DC voltage in the MTDC grids cannot be set to a same level for all terminals. In fact, there must be a strategy for control of the DC voltage in the MTDC grids in such a way that the desirable power flow is realized between the DC terminals.
Three main strategies can be identified for DC voltage control in MTDC grids, namely master-slave strategy, voltage margin strategy and voltage droop strategy. While in master-slave approach always one VSC is responsible for voltage control and others control flow of power [15] , the voltage-regulation task can be shifted among several VSCs in voltage margin strategy [15] . Obviously, the master-slave method suffers from poor reliability since the DC voltage control is totally lost if the master converter fails. The voltage margin method, which can be seen as an extension of master-slave control, experiences some drawbacks, too. For instance oscillations are generated in the DC voltages when the master converter is shifted [16] .
The voltage droop control, as the most commonly employed strategy for DC voltage control in the MTDC grids, several converters contribute to the DC voltage control of the grid [17] . In this approach, originated from powerfrequency droop control in AC systems, the voltage regulating converters with share the power based on the slope of their voltage droop characteristics. The voltage droop control exhibits higher reliability compared to the master-slave control and does not results in voltage oscillations associated with the voltage margin method [18] .
However, despite the popularity of the voltage droop control, it suffers some drawbacks. It cannot perform fixed power control for a particular VSC station or fixed DC voltage control, if necessary. To overcome the mentioned shortcomings, in this paper generalized voltage droop (GVD) strategy is proposed for voltage control of MTDC grids. The proposed strategy is flexible in terms of power flow and DC voltage control. Power sharing based on droop characteristics, fixed power control and fixe DC voltage control all can be performed using the proposed GVD control strategy.
The rest of this paper is organized as follows. Section 2 describes control structure of the MTDC grids. The generalized voltage droop strategy is explained in section 3. Simulations on a four-terminal DC test system are presented in section 4. Finally, findings of the paper are summarized in section 5.
II. CONTROL OF MULTI-TERMINAL DC GRIDS
MTDC grids are characterized by interconnection of several VSC-HVDC systems. Fig. 1 depicts the schematic diagram of an MTDC grid, interconnecting two AC networks as well as two offshore wind farms. The main components of the VSC-HVDC terminals include AC circuit breaker, AC transformer, AC filter, phase reactor, voltage source converter and DC capacitor.
The control of MTDC grids includes DC voltage regulation at DC terminals, control of active and reactive power at the point of common coupling (PCC) and maintaining the PCC's AC voltage at the specified set point. The most commonly used control strategy for the VSC-HVDC stations is based on the vector control [18] . In this strategy the AC currents and voltages of the converter station (at the PCC) are transformed into the rotating directquadrature (d-q) reference frame, synchronized with the AC grid voltage by means of a phase-locked loop (PLL). This allows the decoupled control of the active and reactive powers as well as the DC and AC voltages. The general architecture of the vector control at a VSC-HVDC station is illustrated in Fig. 2 . The outer controllers in Fig. 2 are responsible for generating the reference currents for the inner current controller which determines the voltage reference of the converter in the d-q frame.
A. Inner Current Controller
The inner current controller (ICC) includes fast PI controllers which track the reference currents, set by the outer controllers, and produces the voltage reference for the converter. To derive the structure of the ICC, the voltage at PCC ( ) and converter-side voltage ( ) are related by, (1) where, is the current flowing from the AC grid to the converter and and represent the total resistance and inductance between the PCC and converter. Then by applying the d-q transformation, (1) can be expressed in d-q reference frame by,
where, is the angular frequency of the AC voltage at the PCC.
The reference voltages ( , and , ), produced by ICC, are then transformed back into the abc reference frame and used to generate the switching signal of the converter.
B. Outer Controllers
The outer controllers include the active and reactive channels, as shown in Fig. 2 . The active channels are responsible for regulation of the active power or DC voltage while the reactive channels control the reactive power or amplitude of AC voltage at the PCC.
For active power control, the power equations in d-q reference frame can be used, 
Based upon (6) and (7), the currents in d and q axes can be employed to control active and reactive powers, respectively.
The AC voltage controller is intended to regulate the amplitude of the PCC's AC voltage. This can be accomplished by injecting the required amount of reactive power such that the AC voltage at the PCC matches the given reference value. Hence, control of AC voltage is carried out by modifying the q-axis current.
To maintain the DC voltage at its reference value, the active power exchanged with the AC grid must be properly regulated. Hence, modification of the d-axis current ( ) allows to control the DC voltage within the permissible limits.
C. Voltage Droop Control
The voltage level at different terminals of an MTDC grid directly influences the flow of DC power between the terminals of the MTDC grid. It's worth noting that unlike AC transmission systems where fixed and identical voltage amplitudes (normally around 1 pu) are preferred throughout the system, the MTDC grids cannot have same voltage level over the entire system. Obviously, if for a same level of DC voltage throughout the grid, there will be no flow of power between the DC terminals.
The voltage droop control, as the commonly used voltage control strategy for MTDC grids, allows regulation of the DC voltage within the grid by adjusting the converters' currents in such a way that the power balance is guaranteed throughout the grid [19] . In this method a proportional controller is employed which represents a droop characteristic describing a unique relation between the DC voltage and the converter's current [20] .
The idea behind the voltage droop control has been inspired from the power-frequency droop control in AC networks, where increase/decrease in demand level leads to frequency drop/rise, as shown in Fig. 3 . Similarly, in an MTDC grid a rise in the DC voltage implies power surplus in the system and the DC voltage regulating stations should start to increase inversion operation to reestablish power balance, while DC voltage drop indicates lack of power in the system and the DC voltage regulating stations should start to increase rectification. This is the basics of the voltage droop control for MTDC grids. A typical voltage droop characteristic shown in Fig. 4 illustrates the idea clearly.
Despite its common applications, the voltage droop control has some drawbacks.
• It's not able to perform full power flow control (The droop control cannot fix the active power at a constant level),
• It cannot fix the voltage of the DC terminals, if required.
Hence, modifications should be introduced into the voltage droop control to overcome the aforementioned shortcomings. 
where, and are voltage and current at DC-side of the VDC, respectively and , and are the coefficients of the GVD characteristics. The operating modes of the GVD control are explained as follows.
A. Mode 1: Conventional Voltage Droop Control
This mode is employed by choosing α ≠ 0, β ≠ 0 and γ ≠ 0. In the first mode, the conventional voltage droop control is carried out; i.e. when converter's DC voltage starts rising it increases power inversion while in case of DC voltage drop the converter injects power into the DC grid. For this operating mode, reference current of d-axis can be obtained as follows,
B. Mode 2: Fixed Power Control
In the second mode of operation, the controller fixes the active power of the station to the specified set-point by choosingα = 0, β ≠ 0 and γ ≠ 0. This model of operation allows the fixed power control particularly in circumstances a station needs to receive or transfer a particular amount of active power while the remaining power is shared among other stations according to their droop characteristics.
By assuming that d-axis voltage is fixed at 1 pu and recalling (6), (9) Hence, (10) where, is the reference active power. Now, by substituting the from (10) into the GVD equation in (8),
According to (11) , by adjusting the coefficients and and setting to zero, the required reference power is obtained.
C. Mode 3: Fixed DC Voltage Control
The third operating mode controls the DC voltage of the station at the specified set-point with α = 0, β ≠ 0 and γ ≠ 0.This model of operation is of help when it's required to fix the DC voltage of the station at a particular level. Actually, in this control mode, the task of DC voltage control and active power balance within the MTDC grid is transferred to the converter station operating in the third mode of the GVD control.
Therefore, it's seen that the proposed GVD strategy has much more flexibility than the conventional voltage droop scheme which is only capable of power-sharing based on the droop characteristics of the VSCs. 
IV. SIMULATIONRESULTS
The proposed GVD control strategy is evaluated by implementing it on a four-terminal test system, shown in Table I . The detailed model of VSCs was employed to perform the simulations.
In order to investigate the control performance of the proposed approach within an MTDC grid, three simulation scenarios, as presented in Table II , are implemented. In each scenario, it's assumed that a supervisory control center sends proper signals for adjusting the coefficients of GVD characteristic of each converter station.
A. Simulation scenario 1
In the first simulation scenario, it's assumed that there is a total power surplus of 1.5 pu in converter stations 3 and 4, which is shared between converter stations 1 and 2 according to their GVD characteristics. Fig. 6 shows the active power at converter stations 1 and 2 for a simulation time of 0.8 sec. In this scenario, the converter stations 1 and 2 are operated at the conventional droop mode. Prior to t = 0.4 sec, both converter stations 1 and 2 operate in conventional voltage droop control mode and share the power according to the slope of their voltage droop characteristics.
B. Simulation scenario 2
The second scenario continues from first simulation scenario. At t = 0.4, converter station 2 enters into fixed power control (for receiving active power of 1 pu) through adjusting coefficients of its GVD characteristics by supervisory control center command. This results in the change of power sharing between two converter station and reduction of power received by converter station 1, as shown in Fig. 7 .
C. Simulation scenario 3
In this 8-second simulation scenario, the converter stations 3 and 4 have total power surplus of 0.7 pu prior to t = 0.4 which is shared between converter stations 1 and 2, operating in conventional voltage droop control model. At t = 0.4, a power surplus of 0.2 p.u. occurs at converter station 1. Hence, the supervisory control center sends a command to converter station 2 and adjusts its GVD characteristics for fixed DC voltage control. In this circumstance, the converter station 2 controls the DC voltage of the MTDC grid and assures proper power sharing. Fig. 8 shows the active power of all converter stations during this simulation. It seen from this Fig. that even after the event at t = 0.4 sec, the grid has remained stable and power balance has been guaranteed. 
